Courtice and Simmonds (1) have shown the importance of lymphatic drainage from the serous cavities. They showed that protein labeled with T-1824 and injected into the pleural cavity in cats is removed exclusively by the lymphatic vessels. The rate of removal of labeled protein from the pleural cavity therefore is a measure of lymphatic flow. Burgen and Stewart (2) described a method for measuring the rate of formation and removal of protein-containing fluid from the pleural cavity in dogs.
(Submitted for publication June 22, 1962; accepted November 1, 1962) Courtice and Simmonds (1) have shown the importance of lymphatic drainage from the serous cavities. They showed that protein labeled with T-1824 and injected into the pleural cavity in cats is removed exclusively by the lymphatic vessels. The rate of removal of labeled protein from the pleural cavity therefore is a measure of lymphatic flow. Burgen and Stewart (2) described a method for measuring the rate of formation and removal of protein-containing fluid from the pleural cavity in dogs.
In the present paper, a method of measuring the average lymphatic flow of fluid out of the pleural cavity and the net fluid entry into the pleural cavity is described. This method afforded an opportunity to measure the rates of formation and removal of protein-containing fluid in established pleural effusions of varying etiology in man.
METHODS
Patients with proved pleural effusions were included in this study. The patients were unselected as to the cause of their effusion or length of stay in hospital, but most were studied soon after admission. The study was done at the time of the diagnostic thoracentesis.
A thoracentesis was performed under a local anesthetic with a no. 14 needle. A Clay Adams PE 90 catheter was introduced through the needle, which was then withdrawn, and the outer end of the catheter was occluded by a spigot. The pleural catheter was fixed to the chest wall by collodion and adhesive tape, and covered by a dressing. After control samples of pleural fluid were taken, a measured amount of T-1824 1 that had been mixed with about 5 ml of withdrawn pleural fluid was injected through the catheter from a calibrated syringe.
T-1824 binds firmly to plasma albumin present in the pleural fluid. The amount of dye removed is then a measure of the amount of protein-containing fluid absorbed by the lymphatics from the pleural cavity. The dilution of the dye concentration in the effusion is a measure of the entry of new fluid into the pleural cavity. The dye was mixed in the pleural cavity by withdrawal and reinjection of pleural fluid through the catheter for 1 Warner-Chilcott Laboratories, Morris Plains, N. J.
5 to 10 minutes. Samples of pleural fluid containing the dye were taken at regular intervals. Most patients were studied for 24-hour periods divided into two parts, one a waking period during the day and the other period overnight. None of the procedures was followed by any untoward effects. Syringes were previously coated with silicone (Beckman-Desicote). All apparatus was autoclaved except the polyethylene catheter, which was sterilized by boiling in water for 10 minutes.
Estimiiations of T-1824, protein, and para-amninohippurate. T-1824 in the pleural fluid was estimated by the acetone extraction method of Chinard (3) , and the absorption read at 620 myA in a Beckman DU spectrophotometer. The protein concentration of the pleural fluid and blood plasma was measured by the biuret method of Robinson and Hogden (4) , and the absorption read at 650 myA. Para-aminohippurate was estimated by the method of Smith and co-workers (5), and the absorption read at 540 m,4.
Theoretical considerations. The basis of the present method is the assumption that protein labeled with T-1824 is removed solely by the lymphatic vessels and in the concentration present in the pleural fluid. The amount removed in the course of an experiment is then a measure of the lymphatic flow from the pleural cavity. The rate of entry of new fluid from the pleural capillaries shown by a change in concentration of the T-1824 in the pleural fluid is then a measure of net fluid entry. It is clear that the movement of fluid shown by this method is a bulk flow, since it is envisaged that there is an internal circulation wherein protein-containing fluid formed from the pleural capillaries crosses the pleural space to be absorbed at a different site by the pleural lymphatic vessels.
Four assumptions of the method are discussed as follows.
1) There is no direct evidence to prove the assumption that humans remove all the proteins in the pleural fluid by the lymphatic vessels, but there is experimental evidence in animals to support it. Courtice and Simmonds (1) showed in cats that T-1824-labeled plasma failed to enter the circulating blood from the pleural cavity after the thoracic duct and right lymphatic duct had been tied, and that high concentrations of the dye were found in the lymphatic vessels when they were cannulated.
2) The protein concentration (and also the T-1824 concentration) in lymph leaving the pleural space is as-258 sumed to be identical with that in the pleural fluid. In other words, the pleural fluid is not subjected to any ultrafiltration while entering the lymphatic vessels. Stewart and Burgen (6) fully discussed this question in describing fluid movements in the pleural space of dogs. The points against ultrafiltration of pleural fluid as it enters the lymphatic vessels are as follows. a) Large particles such as red and white blood cells leave the pleural cavity in the lymphatic vessels, which are, in fact, adapted for the very purpose of removing substances of large molecular weight, particulate matter and cells. If the pore size of the lymphatic vessels can admit these, it is hardly conceivable that there could be any sieving effect of molecules the size of protein. b) If the lymphatic vessels were the site of ultrafiltration, there would have to be a force to draw fluid into them against the partial osmotic pressure created by the holding back of protein.
This force would necessitate a pressure lower than in the pleural cavity, and since the lymphatic vessels are not a rigid system, such a pressure difference could not be established.
3) In the course of these experiments, no T-1824 was ever detected in the circulating blood, and therefore there was no error from re-entry of T-1824.
4) T-1824 is assumed to be bound exclusively and completely to pleural fluid protein, and so traces this protein. Burgen and Stewart (2) checked this point in previous experiments in dogs; they confirmed that T-1824 and P`31-albumin gave identical results, so there could not be any error due to the binding of T-1824 to the pleura. The concentration of T-1824 used in dogs was some 10 to 20 times higher than in the present study in humans, so that there would be any binding of T-1824 to the pleura is unlikely, but was not specifically checked.
In the course of a typical experiment, the concentration of T-1824 in the pleural fluid was plotted against time. A line determined by the method of least squares was drawn and the concentration at zero time determined 
RESULTS
Eleven patients were studied; one patient was studied on two occasions 1 week apart. The details for each patient are given in Table I . The average fluid outflow from the pleural cavity, or the lymphatic flow, was 0.364 + 0.156 (SD) ml per kg per hour; and the rate of fluid entry, or the nonlymphatic flow, was 0.395 + 0.236 (SD) ml per kg per hour. These rates are about half the comparable ones found by Stewart and Burgen (6) in dogs, but the discrepancy could be explained by the separation of pleural cavities in man, whereas in dogs there is free communication between the two sides.
The over-all turnover rates of pleural fluid in both groups showed there was a higher rate of fluid entry into the pleural cavity than fluid outflow, so that the volume of the pleural effusion was increasing slowly. This was expected be-of pleural fluid was some 10 to 12 times faster than cause the patients were studied immediately after the change in pleural fluid volume, meaning that their admission to the hospital and before treat-approximately 650 to 700 ml of pleural fluid would ment had had time to be effective. The turnover be formed and absorbed in 24 hours in a patient There was a distinct diurnal variation in the rate of lymphatic flow and nonlymphatic flow. Nine cases were studied throughout a 24-hour period divided roughly into two parts, one a waking period during the day and the other at night when the patient was at rest and normally asleep. Fluid outflow fell from an average of 0.37 ml per kg per hour during the day to 0.21 at night; fluid entry into the pleural cavity also fell, from 0.35 to 0.22 ml per kg per hour. This striking diurnal fall occurred in all except one patient (Mo). Detailed results are given in Table II An internal circulation is then established whereby fluid formed from the pleural blood capillaries enters the pleural cavity and is absorbed at a different site by the pleural lymphatic vessels. This movement is applicable to protein-containing fluid. If the protein concentration of the pleural fluid is low, then water and solutes are absorbed at the venous end of the pleural blood capillaries owing to the effect of the colloidal osmotic pressure of the blood plasma. When the protein concentration in the pleural fluid rises enough, however, this hydrostatic effect will cease and the only route of absorption of pleural fluid will be by the lymphatic vessels.
Since the pleural lymphatic vessels pass through the diaphragm and intercostal muscles, movement of these structures increases flow and absorption from the pleural cavity, as was shown in unanesthetized dogs (6) . The finding of the present study in humans that the rate of absorption fell significantly during the night might be explained by this in that the rate and depth of respiration is probably less at night than during the day. No definitive tests, however, were done to ascertain the mechanism. It is of great interest that the rate of formation of new pleural fluid also fell significantly during the night, but there is no immediate explanation.
The large discrepancy between the rates of removal of a small molecule like para-aminohippurate and large protein molecules emphasizes that probably there is no holding back of solutes and water between the blood and pleural or other serous cavity effusions, and their equilibration is limited by either diffusion or blood flow. That approximately 80 per cent of the water in peritoneal effusions is exchanged every hour, as Prentice, Siri, and Joiner (8) found with a tritiumlabeled water technique, would confirm this. On the other hand, the pleural capillaries do limit the outflow of proteins, and once these have escaped from them, they can only be reabsorbed by way of the lymphatic vessels-a much slower process. There is no doubt that in clinical conditions the removal of the protein-containing fluid is the important parameter.
SUM MARY 1. A method has been described to measure the average rates of fluid outflow (lymphatic flow) and fluid entry (nonlymphatic flow) in pleural effusions in man.
2. In 11 patients studied, the fluid outflow averaged 0.364 ± 0.156 (SD) ml per kg per hour and the fluid entry 0.395 + 0.236 (SD) ml per kg per hour.
3. Both fluid outflow and fluid entry fell significantly overnight as compared with the daytime.
4. Para-aminohippurate was removed from the pleural cavity approximately thirteen times faster than protein.
